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! ABSTRAC?Y

T The viscosity, thermal conductivity, electrical conductivity, binary diffusion
coefficients, and total radiated power in the continuum have been calculated for
hydrogen, nitrogen, oxygen, and air for temperatures from 1000 to 30, 600°K
and for pressures from 1 to 30 atm. The viscosity, electrical and thermal con-
ductivities, and diffusion coefficients were calculated from the first Chapman-
Enskog approxima.tionl' 2 using the best available cross-section data from the
literature, Coulomb collisions were treated approximately by means of effec-
tive collision cross sections, chosen to make the calculated transport properties
- agree with the results of Spitzer and Hirm3 for the fully ionized case, Effects
of ambipolar diffusion and charge exchange were included in the calculation,
The continuum radiated power was calculated from Kramers' semiclassical ap-
proximation? with an empirical correction factor to make the results agree with
the limited experimental data available in the range of interest,
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The calculated transport properties agree well with the results of Mason,
et al,5-7 at low temperatures and of Spitzer and Hirm3 at high temperatures,

SR A

Y but in the intermediate temperature range, from about 10, 000 to 20, 000°K, the
o results differ rather significantly from the results obtained by previous inves-
:-_:‘_. tigators. The major difference is in the reaction thermal conductivity due-to

b ionization, where the inclusion of charge exchange results in a thermal con-

E:': ductivity almost an order of magnitude lower than that obtained in most previous
i calculations.
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I. INTRODUCTION

In connection with current Avco RAD studies on the electric-arc positive col-
umn and on re-entry problems, it was found necessary to have reasonably ac-
curate values for the transport properties of various gases at high tempera-
tures. The experimental measurement of the transport properties of gases is
very difficult for temperatures above about 2000°K, so that up to the present
time most of our knowledge of the transport properties in this temperature
range has had to be obtained from kinetic theory calculations. 1-2 A consider-
able number of such calculations have been made in the past for various high-
temperature gasaes, 5-32 and a review of some of the work on air is given in
references 5 and 15. Unfortunately, however, accurate information cn the re-
quired atomic- and molecular-collision cross sections at high ternperatures
has generally not Leen available until quite recently, so that many of the earlier
calculatiors are seriously in error, because of incorrect values used for some
of the required collision cross sections. For example, in the case of air, >
the uncertainty in the cross sections has led to a difference of as much as a
factor of 2, or more, in the values of the transport properties calculated by
different investigators, is situation is rapidly changing, however, and it

ia now possible 1w obtain rather accurate values for many of the required cross
sactions, & 33, 34 45 that the transport properties of high-temperature gases
can now be calculated with considerably greater accuracy than has bteen possi-
ble in the past.53-7,33 In view of this situation, it seemed desirable to under-
take a systematic recalculation of the relevant gas transport properties, using
the latest available data for the required collision cross sections,

The present memorandum is a preliminary report on Avco RAD's calculations
of the transpor: properties of various gases at high temperatures, In this work,
it was not attempted to make any extensions of present theory, but simply to
calculate the transport properties as accurately as possible using presently
available methode and data. The details of the calculationzl procedure are
described, and resuits are presented fo. hydrogen, nitrogen, oxvgen, and air
for temperatures from 1000 to 30,000°K and pressures from 1 to 30 atm. The
properties included in the calculation are the electrical conductivity, thermal
conductivity, viscosity, binary-diffusion coefficients, and total continuum
r-diation {line and band spectral radiation has not been included).

-1-




I. DISCUSSION

A, TRANSPORT PROPERTY FORMULAS

The calculations >f the electrical and thermal conductivities, viscosity, and
diffusion coefficients are based cn the first Chapman-Enskog approximation,
summarissd in reference 1. This approximation gives explicit formulas for
" (l ' .)

the transport properties in terme of certain ""collision integrals' » » de-

fined in reference 6, which describe the interaction between molecules of
species i and i, and which have the physical significance of an effective cross
section for collisions between molecules ;i andj. Specifically, the collision

integrals nﬁi({") are defined as weighted averages of the collision cross aec-
]

tions of the form

-
[ [ exp (-yz) },2'*3(1_‘:0.‘ X) 4»0“ sin X dXx dy

=9 0
Oii -

(1

T

0
- ”
/ [ exp (—yz) yz' +3 (l—co:l X)sin xdxdy
o o
[¥] g

where o;; =g;;(X.8) is the differential scattering cross section for the pair i - i
X ig the acatgering angle in the center of mass system, g is the relative veloc-
m; m;
ity of the colliding particles, ard y = S g isthe reduced velocity. The
- (l.l) 2(mi+mi)kT (1,')
collision integrals G, defined ir this way differ from the integrals
defined in reference 1 only in the normalization factor occurring in the defini-
tion (1),

In this work, the complete kinetic-theory formulas for tha transport properties
given in refsrence 1 were not used, but instead the formulas were approximated
by the following relacions:25, 35, 36

-2-




l. Viscositypu,

n
$o- Z m; xi/ x A(z;\1 . (2)
i=l j=1
2. Thermal conductivity K,

K - K, + K + K (3)

nt T

where the tranalational thermal conductivity

n o \
15 E 2 : 4
Kn, - —‘—- k !i/ aii X A{]z)/ ’ ( )
1 =1 ) =1
] the internal thermal conductivity

. . .
s s 2: a) (5)
, Kine = Kk 2 , (T - -2-) xi/ x A g

a i1 il

and the reaction thermal conductivity*

(AH;/RTY (©)
g K, = k
iy 2 o "
- l= 1 W
: 2 : (mg; /3 2 ; (g = = oy x) B
i wl jwl

. *Note that this formula already includes the cffects of ambipolsr diffusion on the reaction conductivity of an ionized gus.
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3. Electrical conductivity o,

o

8,

1
- an | s 2 5 AN

j=t

(1

where the prime on the summation sign indicatus that the term z, 4}
is omitted {rom the sum,

4. B

inary diffusion coefficieat D,

Dy = T/(paft) .

In the

2m: m;
Q1) 8 " 1 = (1,1)
A - - ———— o
1 3 okT (m; + =) " nl)

2 m m -
O R L I T
3 rkT (m; + m;) |
and
(1 = (mj/m))] (045 = 2.54 (m;/m)))
aii -]l 4+
(i + @ /m))?
where
= is the mass of a particle of species i
x; is the mole-fraction of species i
Cpi

above equations,

(8)

(9a)

{9o)

(10)

is the specific heat per mole at constant pressurs for species |

is the total number of species present in the system,
the oj; are the stoichiometric coefficients in the { th chemical

n -
reaction written in the balanced form ¥ ny x® < o




AR, = > a; H;  is the heat of reaction per mole for the 1 re~

iwl
action
m is the total number of independent reactions occurring in the
system
k is Boltzmann's constant
R is the universal gas constant
¢ is the electronic charge
p is the pressure.

Although still somewhat complicated, equations (2) through (10) above are

much simpler than the equations given by the first Chapman-Enskog approxi-

mationl and give resulte within a few percent of the latter, in most cases. 5,3
= (!

Since the collision integrals nn(ij’ *) are known within only about 10 to 20 per-

cent at best, the additional error introduced in our results by using the approxi-

mate equations (2} through (10) in place of the complete firast Chapman-Enskog
approximation is negligihle.

The effects of Coulumb collisions are not given very accurately by the first
Chapman- Enskog approximation; for example, in the limiting case of a fully
ionized gas, the transport properties calculated from this approximation difier
by about a factor of 2 from those obt.ined from an accurate solution of the
Boltzmann equation. 3,37,38 Several authors3: 37-40 have suggested more
accurs'e approximations for treating the effects of Coulomb collisions, but a
complete solution of the problem has apparently not yet been given for a gas

of arbitrary degree of ionization. In the present work, interpolation was ef-
fected through the region of partial ionization by meane of equations (2) through
{10) using effective Coulomb collision cross sections »0(:8) chosen to make
the calculated transport properties agree as closely as possible with the re-
sults of Spitzer and Harm3 for the fully ionized case.

B, CONTINUUM RADIATION FORMULA

The total continuum radiated power per ur’. .. ..ae P was estimated {rom
Kramers' eemiclassical approxmation?




.‘Wﬁ h\w”\,.i-:{‘-}\’\r"r{r'--'“ R N UL AT RN BN S B UL A I S T T SV

64 n/2 e p2 Av .
Poo= v = 5 Y 52} (11)
38w 3 23aT)3/2 —
1 &
where
Av is the bandwidth of the spectrum, assumed equal to the width
bvg = 4k1/h  of the blackbody distribution
s is the velocity of light
h is Planck's constant
Z;e {s the effective ionic charge of the gpecies | for radiative collisions
with electrons
ye3 is an empirical constant introduced in order to make the calculated

values of the total radiated power P, agree as well as possible with
the limited experimental data available at high pressuree.4l'4z

Molecular-band and atomic-line radiation were not included in the calculation..
eince theses processas generally make a negligible contribution to the total ra-

diated power at the very high temperatures for which radiative heat losses are
important ir the overall energy balance.

C. COLLISION CROSS SECTIONS

The transport properties of hydrogen, nitrogen, oxygen, and air at temperatures
from 1000 to 30,000°K and pressures from 1 to 30 atm have been computed

from equations (2) through (11), ueing a program whichhas bean set up for the
Philco 2000 digital computer. The species included in the calculations were

as follows: for hydrogen, Hp, H, Ht, and e; for nitrogen, Nz, N, N+, N**,

and e; for oxygen Oz, O, Ot, Ot+, and e; for air, Nz, N, N¥, Nt+, Oz, O,

O+, NO, NO%, and . The equilibrium gas composition was taken from ref-
erences 42 and 44 while the thermodynamic functions H{ and ¢ for the in-
dividual species ware obtained from internal calculations at Avco RAD, 45, 46

=,
The required collision integrals nﬂ(i; » were obtained from a fairly extensive

survey of the literature and are shown in figures 1 through ¢. The solid curves
in these figures indicate crose sections for which fairly reliable data were
found in the literature, while the dashed curves are estimated cross sections
for the cares where good data are not available, Since the accuracy of the
calculated transport propertice iv largely determined by the accuracy of the

-6-
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input daia on the collision integrals, a brief discussion of the values used in
the present work is given beiow.

=8 : ;
The collision crose sections nfl; ; * for the atomic and molecular interactions

(H-H, H-H,, H;-H;, N-N, N- N7z. and so forth), were obtained from the recent
calculations of Mason, et al,b: 7 for temperatures up to 15,300°K. The valuz=s
for the H-H, H-Hp, Hp-Hp, N-N, N-N3, N2-N,, 0-0, 0-02, 03-0,, N-O, N-O,
andN2-O; interactions were takendirectly from Mason's tabulation, while the
values for O-NQ, 0-NO, N2.NC, and NO-NO were calculated as averages of the
abuve interactions, as recommended by Mason, 7 The croes sections for the
remaining interactions N-O; and N-NO which are not tabulated by Mason were
assumed to be approximately the same as for the other neutral-neutral inter-
actions. Since theaes two interactions cccur only very infrequerntly in equilibrium
air, the exact values assurned for their cross sections will have a negligible ef-
fect on the calculated transport propertics.

For temperaturea above 15,000°K, the crose sectionsforthe atomic inter-
actions H~-H and N-N were obtained by extending Mason's calculations up to

30, 000°K, using the same potential functions as were used in his work. 47, 48
The cross sections for the remaining neutral-neutral interactions were simply
extrapolated roughly to 30, 000°K, assuming the same temperature dependgence
as was calculated for H-H and N-N, This procedure will evidently lead to a
slight crror in the neutral-neutral crose sections and the correeponding hinary
diffusion coefficients at the highest temperatures calculated; however,since
neutral speciees are not important at the high temperatures, the effect on the
overall transport properties should be negligible.

In the case of the interactions H-H¥, N-Nt, 0.0%, and NO-NOT between &
neutra’ species and its own ion, it is n2cessary to consider the effects of
resonant charge exchange, This problem is discussed in reference 49, where
it is ahown that charge exchange results in an anumaloualy large diffusign
cross section »{l(1, 1) but has nc effect on the viscosity cross section »0 (% 2);
the explicit formulas used in calculating theee cross sections are given in ref-
erence 49. For H-H? the ccllisioa integral nf—l;"ﬁ::,. was obtained by approxi-
mating the H-HY interaction pctentials given by Fallon, et alt7 with potentials
for which the collision integrals are known, just as was done above for the

atomic and molecular interactions., To cbtain the collision integral
=(1, 1)

"nH-H* , the charge exchange crcas section for H-Ht given by Gurnee and

Magee3C was fitted to the analytic expression

Qey = (A - B log v)? (12)

with the constants A= 2,1 x 10~7 em and P= 2,2 x 10-8 cm, and the expression

for oD given in reference 49 was then integrated aralyticaliyS) to obtain
the result

-11-
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= (1,1
nn; H), « (39.8B¢ -~ 17.8 AB + 24%) .
2
(89282 = 24B) [log —) + — B? (log — (13)
. - og — -— Of = '
BN T2 vy

where the atomic weight M= 1. 008 for hydrogea,

There appears to be very little date available at present on the ion-neutral
interactions for the nitrogen and oxygen species of interest here, lLacking any
= (2,2 = (2,2

batter information, the viscosity cross sections rQ @2 and nﬂo O)* were

calculated from the approxirnate potentials given by :\}IPeng and Pindroh, 25 which
they obtained by drawing & smooth curve joining the polarization potential at
large internuclear distances to a Morase potential obtained from spectroscopic
dats at short distances., The charge exchange cross section for botl. oxygen
and nitrogen was assumed to be of the form (12), with the conatants A and B
estimated in the case of oxygen by curvefitting Dalgarno's estimated croes
section, 52 and in the case of nitrogen by means of an approximate one-electron
calculation50,53 using the Hartree- Fock wave functione for nitrogen. >4 The
valuea of A and B obtainad in thia way ware A = 1 6 x 107 cm B =1,2x 10-8
cm for oxygen, and A= 2,2 x 10-7 cm, B =2.1 x 10-8 em for nitrogen, with

an estimated error of perhaps a jactor of 2 either way in the cross sections,
The charge exchange cross section for NO-NO*t was also assumed to be of the
form of equation (12) with the constants A=1,5 x 107 em, B = 1.7 x 10-8 em
obtained by fitting experimental data in the neig. borhood of 150 ev, 35

For the temperatures considered in the present work, the charge-exchange
crons sections for nonresonant ion-neutral collisions (N-O+. C-N*%, N?_-N"',
and 80 forth) ahuuld be negligible, so that the collision cross sections A1)
and 0l (3:2) for such collisions will have their usual gas-kinetic vaiues. For
the case of N-Ot and O-N*, these cross ssctions were again calculated from
ths approximate polerization potentials given by Peng and Pindroh, 25 and the
N-O? potential was ulso used to calculate the cross section »1(2.?) for the
infrequent NO-NO? collision. The remaining ion-neutral collisions, which
involve either doubly charged iocns or moleculea, or both, occur only very
rarely for equilibrium conditions; hence, it was sutficient for the present
work to take their cross sections equal to the corresponding gas kinetic values
for the colilsions of atoms and singly charged lons.

There has been a good deal of experimental work on the electron-molecule
croa? sections e-H3, e-Np, ¢-0p, and ¢-NO, and the approximate values and
general trends with electron energy seem to be well established, 56-60 althouga
there is still eome disag-.eement on the e-N, and e-O, cross sections at low

-12-
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tempernturel.f’o'bl From the scatter in the results of the various experiment-
ore, wu astimate an uncertainty of about 30 to 40 percent in the slectron-mole-
cule cross sections for the energies considered here. In the present work, the
cross sections tabulated by Mussey and Burhop56 were used for ¢-02 and e NO,
and the values of Crompton and Sutton57_were used for e-N, and e-H,. The
experimental data gave the values of »{1(l1) directly; for simplicity, »02)
was taken equal to r@ (D) gince this approximation has a negligible effect on

the calculated transport properties.

The low-energy elastic-scattering cross section for the e-H system has been
studied quite extensively in the last few years, 34,62 poth experimentally and
theoretically, and now seems to be quite well understood. In calculating the
collision integrals from this data, S-wave scatiering was assumed and the total
cross section wae approximated by means of the simple analytic curvefit

-13
5.28 x 10 2

A Y s e L) s
V1< (To/Ty)

where kT, ie the electron energy, and T, = 3300°K is a constant.
couid then be evaluated analytically to give

T\ T

QLY o s.zsno*”é[— 1 (—3) L2 (—‘3-

H-e 2 \T, 4 \'T
(L

[ 5 =

-

T T
where exfc( To)is the complimentary e:rror function of".—:—.

(14)

The integrals




In contrast to the case of e-H, the cross sections for a-N and ¢-O scactering
aro still quite uncertain, although some information on the ©-O system is now
beginning to become availabla. 63 The e-0Q cross sections used in the vresent
work were obtained from a rough curvefit to the experimental data,63-54 the

same values being used for the diffusion and viscosity cross sections =01
and »0(22), Following a suggestion of Kivel, 65 the N-s cross section was

estimated by extrapolation of the experimental results on €-O, using the scaling

between N arnd O suggested in references 66 and 67. In this wuy a cross sec-
= (1.1 = (2,2

tion rrﬂrg_..,) = nnN(_,) ® 5x 1016 cm2 is estimated,in agreement with an ap-

proximate expsrimental value obtained by Maecker in the eloctric arc, 68

For the Coulomb collisions (e-e, e-H', Ht.H*, e-Nt, e.N'*, and so forth)
eifective collision integrals were chosen so as to make the calculated values of the
elactrical conductivity and the electronic contributicn to the thermal conducti-
vity agree ns closely as possible with the results of Spitzer and Harm3 wh2n
the gae is completely ionized. The value of thermal conductivity used in this
comparison was Spitzer and Hirm's corrected value ¢K, which includes the
effects of ambipolar diffusion. Since Spitzer and Harm consider only the
elactronic contribution to the transport properties, their resulte do not divectly
determine the ion-ion zollisic . integrals; hence it was necessary to estimate
these latter quantities by comparison with the corresponding electron-ion crcss
sections. Thus, those transport properties, such as viscosity and reaction
thermal conductivity, which depend primarily on ion-ion interactions, will pro-
bably not be given as accurately by the present calculations as are the electrical
conductivity and electronic thermal conduclivity which are based directly on
the calculations of Spitzer and Hirm. Specificaily, the formulas used for the
Coulomb collision integrals in our calculations were

= (2,2) = (1,1)

rly_e = 075 Q. nllo e = 0.82 Q.
= (2,2 - (1,1

nne_l) - 075 Q. "ne-l) = 0.80 Q.
~ (7p2) = (111)

L Lt - 21 Q. rQ._2 = 2.7 Q.
~ (2,2 - (1,1

"Ql-l) « 0.30 Q. nfl i-l) = 0.80 Q.
- (2,2 - (1,1

”01(-2) - 0.84 Q. ..nl(_z) - 2.7 Q.
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=(2,2) = (1,1
u‘ n02_2 =« 4.8 QC "02(—2) - 128 QC

where the subscripis 1 and 2 indicate singly and doubly charged ions, respec-
tively, and

2
logy & ) (16b)

cm

Q. = (2ATY In A = 3.22 x 1076

T2

is the well known Gvosdover cross section for Coulomb collisions. In evaluat-
ing the cutoff paramster \ in equation (16b), a cutoff at the Debye length for
4 low electron dersities and at the mean ionic distance for high electron
’ densities hus been used, as recommended by Spitzer and Harm, 3 and inter-
polated hetween the two extreme cases by means of a root-mean-square inter-
solation formula,

Al

9(kT) 16 {kT)? {16¢)
+ ,
4n e6 n, c4 nez/3

where o, is the number of free electrons per unit volume.

The nitrogen and oxygen atoms have low-lying electronic siates at a few elec-
tron volts which are appreciably populated for the conditions of the calculations.

e To estimnate the sffect of these states on the transport properties, it is noted
that they belong to the same electronic configuration as the ground state, and

- hence have approximately the same radii for the electronic charge distribution.
W It is therefore expected that the collision cross sections for the se excited atoms

- will be roughly the same as thay are for ground-state atoms, except for cases
'q . in which exchange of excitation energy can occur, and that the cross section

-

for the latter process will be of the same order as the corresponding charge
exchange cross section, 49 Thus, it is expected that the only important effect
: of the low-lying excited states will be to reduce the contribution to the internal
Pt thermal conductivity due to excited nitrogen and oxygen atoms by impading the
relative diffusion of the ground-state and excited atoms. This effect has been
. taken into account in the transport property calculations by replacing the colli-

5. 5 (11 . :
sion irtegrale "QS}; and nﬂg_()) in equation (5} for X; by the corresponding

1 1.1 and "6(1.1)

N-N* 0-0*
proximation, the calculated value of K, . due to exciled atoms is very small,
so that the final tranaport-property values are essentially the same as would
have been obtained if ilie effects of excited electronic states had been neglected
altogether.

values n estimated for charge exchange. With this ap-
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The low-lying excited states of ioni~ed nitrogen and oxygen will behave wimilarly
to those ofthe un-ionized atoms, esxcept that in this case the Coulomb cross
sections should dominate the cross section for excitation exchange, so that
there will be no effect at all on the transport properties, and equations (2)
through (10} wil. be correct as they stand.

The above arguments do not apply to highly excited electronic states since
thess have ccnaiderably larger radii than the ground states, and hence much
larger collision cross sections; however, the numbat of atoma in these highly
excited states is low enough for the conditions of this work that they are not
expected to have a major effect on the transport properties.

In calculating the total radiated power in the continuum trom eguation (11) the
effective charge Z;e for the ions was taken to be equal to their actual net charge,
while for qbae neutrals the approximate value 2¢ = 0.02/3 suggested by Kivel
and Bailey 9 for nitrogen was used in all cases, While this approximation is

of course not too accurate in detail, we believe that it ahould reflect the main
features of the total radiation rather well &t the higher temperatures {above
about 10, 000°K),




e
III. RESULTS OF TRANSPORT AN RADIATION T e
PROPERTY CALCULATIONS T
The final reaulte of the transport and radiation property calculations are given
in tables I through XVIII, and figures 7 t.rough 22.* For the lower temperatures P aire
where ionization is not important, the overall accuracy of the calculated trans- . o

port properties (except diffusion coefficients and radiation) is estimated to be Lo
about 10 to 20 percent, this error being due primarily to uncertainties in the o
knowledge of the required collision croas sections. At the higher temperatures, -
the accuracy of the calculated transport properties becomes cousiderably
poorer; for hydrogen, a probable error of about 50 percent is estimated, due
primarily to the approximate treatment of Coulomb collisions and of excited
states in the calculation; for the other gases, the probable error is somewhat
greater because of lack of knowiedge of the ion-atom and electron-atom inter-
actions,

For convenience in the applications, binary diffusion coefficients have been
tabulatec for all molecular pairs for which cross sections are given in figures
1 through 4, even though in some cases the relevant coilision cross sections
are not known too accurately. Those paire for which the diffusion coefficients S
are felt to be significantly less acc-irate than the tranasport propsrtiss for the .";'» '
gas as a whole are indicated by an asterisk in the tables, in all cases however, IR
it is believed that the tabulated diffusion coefficients should be within at least
E a factor of 2 or 3 of the corract value, l'or an ionized gas, the usual quantity s
of interest in the applications is the ambipolar diffusion coefficient, which is '
equal to approximately twice the ion-neutral coefficient tabulated here.

. The calculated vaiues of the continuum radiated power are estimated to be
. correct within a factor of 2 or 3.

Transport properties have been calculated recently for un-ionized hydrogen, .
nitrogen, oxygen, and air up to about 10,000°K by Mason, et al, 5-7 using the .
same input data on the neutral-neutral collision cross sections as were used
in the present work. As would be expected, our results are in essential agree- -
ment with those of Mason, et al, for the lower temperatures; however, for bl

. temperatures of about 7000°K and above the effects of ionization are no longer :.; Ky g

. negligible, and our calculations begin to deviate significantly from Mason's o

;. values, v

At the highest temperatures considered, our values for the electrical and thermal
conductivity are in good agrecernent with the results of Spitzer, et al3 for a
-:: fully ionized gas, as they should be, For the intermediate temperature range,

=~ *Approximate values of the themodynamic propertizs for the conditions covered in this report can be tound in refcrence 43.
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fromabout 10,000 to 20,000°K, however, the preaent results appear to differ rather
sigaificantly from those obtained by earlier investigators, dus primarily to
differences in the assumed collieion cross sections, In particular, the explicit
inclusion of charge-exchange effacts in the present work results in a diffusion
cross saction nQl L) petwsen atoms and etomic-ions which is almost an order
of magnitude larger than the gas-kinetic croes section used in most previous
high-temperature transport~-property calculations. This leads to a reduction

of almost an order of magnitude in the reaction thermal conductivity due to
{onisation, co that it becomes comparable to the translational thermal conduc-
tivity; hence, the large poak in the total thermal conductivity in the ionization
region, which was obtained in many of the previous calculations, no langer
occurs, Since the spocific heat is still strongly peaked, the cquilibriwrn Prandtl
number NP. # uc /K now exhibits a sizeable peak in the ionization region, before
failing off to the low value characteristic of a fully ionized gas. This behavior
is {llustrated in figure 5 for air; the values of 4 and K used in calculating this
figure ware obtained irom the present report, and the value of N from refer-
ence 43,

Figure 6 compares the total thermal conductivity for nitrogen calculated in the
present report with some experimentzl measurements obtained by Maeckerb8
in the electric arc. Maecker's results are seen to agree very well with the
calculations at the lower temperatues; however at about the temperature at
which significant ionization begins to occur, the axperimental thermal con-
ductivity curve starts tc rise rapidly above the calculated value, and, at the
highesi tempsratures observed, it is about an order of magnitude higher than
the calculacions, Maecker attributes this rapid rise to the reaction thermal
conductivity of ionization, As we have pointed out sbove however, the reaction
conductivity could not have such a high value unlese the resonant charge ex-
change cross section for N-N* were almost ar. order of magnitude less than
estimated here (see figure 2), Although thir cross section is not known ac-
curately at present, it seems very unlikely, on theoretical grounds, that it
could be as low as would be required to account for Maecker's experimental
date. We therefore feel that the discrepancy between Maecker's data and the
theoretical calculations must still be regarded as unexplained.
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TABLE !

VISCOSITY OF EQUILIBRIUM HYDROGEN

(in millipoise)

Temper- Presaure (atm)
ature
(°K; 1 3 i0 . 30
1,000 0.199 0.199 0,199 0.199
2,000 0. 319 0. 319 0. 319 0. 319
3, 600 0. 448 0, 445 0,442 0. 440
4, 000 0,533 0,567 0,581 0.579
5, 000 Q. 555 C.577 0.623 0.672
6, 000 0.63% 0. 641 0.658 0. 694
7, 000 0. 732 0. 734 0. 740 0. 758
8, 000 c. 827 0.830 0.833 0. 841
¢, 000 0.914 0,922 0.927 0.933
10, 000 0.975 C. 999 1,01 1.02
12,000 0.937 1,05 1.12 1.17
14, 000 0,661 0. B89 1.09 1. 21
16, 000 0.357 0.593 0,877 1. 10
18, 000 0.205 0. 358 0.618 0. 899
20, 000 0.161 0. 248 0.431 0. 686
42, 000 0.161 0,214 0. 332 G. 527
£, 000 0.1.78 0,215 0. 301 0. 447
26, 000 0. 205 0,238 0,304 0,418
28, ¢ob 0.237 0. 268 0. 326 0. 420
306 200 0.272 0, 3rs 0, 360 0, 444
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TABLE I
FROZEN THERMAL CONDUCTIVITY P AT
K, = K, + K;,;, FOR HYDROGEN i @& B
(in mw/cm - °K) RN
Temperature Pressure (atm) ::-‘.:~'_._ :-:‘_tj.j
L . s
(*X) 1 3 10 30 ho o9 -
1, 000 4,37 4. 37 4.37 4,37 N .
2, 000 8. 06 8. 06 8.05 8. 05 . i
3, 000 12.6 12. 4 12. 3 12.2 T
4, 000 15.9 16.8 17. 2 17,1 it e
5, 000 17,1 17.7 i8.9 20.4 S
6, 000 19,6 19.8 20,2 21,1 o .
7,000 22,7 22,7 22. 23.2 -

8, 000 26,0 25.9 25.9 26.0 y
9, 000 29.5 29. 4 29.3 29.2 Ry _
1¢, 000 32,4 32,9 32.% 32.8 PEREETEEEE
12, 000 33.9 37.3 39.4 40.1 e ®

14, 000 28. 4 35.8 42,1 45.8
16, 000 22,7 30. 7 40,1 47.4 .

18, 000 22,2 28,1 37.3 46.9

20, 000 25,1 29.6 7.3 46.8

22, 000 29,9 33.8 40,3 48.8

24, 000 35,6 39.4 45.7 54,1

26, 000 42,2 46.6 53,0 61.0

28, 000 49,6 54, 4 61.3 69.2

30, 000 57. 4 63.0 70.9 79.4




EQUILIBRIUM THERMAL CONDUCTIVITY

TABLE LI

X = K + K, FOR HYDROGEN

(in mw/em - *K)

Temper -~ Pregssure (atm)
ature
{*K) 1 3 10 30
1,000 4, 37 4. 37 4,37 4, 37
2, 000 9.03 8.62 . 8, 37 8.23
3,000 69.0 46,2 312 23,3
4. 000 i48 155 123 87.7
5, 000 36.3 54.9 111 133
6, 000 22,4 27.8 44,0 74. 3
7.C000 23. 6 24.8 29.0 40,0
8, 000 27,1 27.1 28.2 32,2
9, 000 32.2 31.2 31.0 2,2
10, 000 40,0 37.2 5.7 35,5
12,000 59.0 53,1 48.8 46,1
id, 000 75.8 71.1 65.1 60,9
15, 000 64.8 76.7 78.3 75, 4
18, 000 42.3 62.0 78. 7 84.8
20, 000 33.0 47.0 68,1 84.4
22, 000 33.2 41.9 58,5 77.8
24, 000 37.1 43,4 56,0 7 7
26, 000 43,0 48.8 59,0 7.8
28, 000 50.0 55.7 64,9 77.6
30, 000 57.7 63,8 73.3 85,2
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TABLE IV

ELECTRICAL CONDUCTIVITY OF EQUILIBRIUM HYDROGEN

(in mhows/cin)

Pressure (a:m)

Temperature

[ ]

(*K) 1 3 10 10

1, 000 c-- - --- ---
2,000 1.83x 10°1% |8.08 x 1015 |3.31 x 1015 1.47 x 10-15
3, 000 9.67 % 10-8 4.55x 10°8 1.92 x 10-8 8.64 x 10°7
4, 000 1.38 x 10-4 7.56 x 105 3.70 x 105 1.82 x 10-5
5, 000 6.66 x 10~> 3.81 x 10-3 2.05 x 10-3 1.12 x 10-3
6. 000 0.111 6.40 x 10-2 3.48 x 10-2 1.96 x 10-2
7, 000 0.840 0.497 0. 275 0.160

8, 060 3,47 2.17 1. 25 0.738

9, 000 9. 29 6.39 3,96 2.43

10, 000 18. 6 14. 7 10. 4 7.11

12, 000 37.0 34.5 29.7 24.1

14, 000 53. 5 54, 0 52.1 47.9

16, 000 67.2 71.0 73.4 72.1

18, 000 79.4 86.0 91.4 94.9

20, 000 90. 2 98. 6 108 115

2z, 000 lol i1l iz2 132

24, 0090 112 122 136 150

26, 000 123 135 149 164

28, 000 135 147 163 180

30, 000 145 160 177 195
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TABLE V

BINARY DIFFUSION COEFFICIENTS FOR HYDROGEN
AT ATMOSPHERIC PRESSURE

Binary Diffusion Coefficient, D (cm?/wec)

Temperature
[ ]
K M, H2) | (HHY) | 2 HO* | (e, Hp) (e, H)
1, 000 17.2 2.08 2,68 680 189
2, 000 61.8 6.45 11.5 1650 676
3, 000 133 12,4 26.7 2810 1410
4, 000 230 19.8 48.7 4090 2390
5, 000 354 28.5 77.7 5510 3630
6, 000 505 38.6 115 7060 5060
7, 000 684 49.6 157 8740 6820
8, 000 889 61.8 207 10600 8830
9, 000 1130 74.9 267 12500 11000
10, 000 1390 89.0 334 14700 13500
12, 000 2010 120 480 19500 19300
14, 000 2760 155 682 25300 26000
16, 000 3620 193 924 31900 336C0
18, 000 4650 234 1210 39600 42400
20, 060 5510 278 1550 48300 51800
22, 000 7090 325 1920 57300 62600
24, 000 8370 376 2340 66200 74200
26, 000 0200 429 2820 74600 87100
28, 000 1960 484 3360 83460 101¢00
30, 000 3900 543 3950 92500 116000

#Eastimated intsraction potential




TABLE VI

VISCOSITY OF EQUILIBRIUM NITROGEN
(in millipoise)

Temperatur Pressure (atm)
[ ]
("K) 1 3 1c 30
1, uG0 0. 400 0. 4C 0. 400 0. 400
2,900 0.631 0.631 0. 631 0.631
3,000 0.853 0.853 0,853 0.853
4,000 1. 07 1.07 1.07 1. 07
5, 000 1,28 1. 28 1.28 1.28
6, 000 1.51 1.50 1.49 1. 48
7,000 1.82 1.76 1.72 1.70
8,000 2.20 2.12 2.02 1.96
9, 000 2. 46 2. 45 2.538 2. 28
10, 000 2.62 2, 66 2.66 2. 61
12,000 2.51 2.76 2.94 3.02
14, 000 1.79 2. 26 2.77 3. 07
16, 000 5.88 1.43 2.15 2.70
18. 030 0. 56 0. 88 1.47 2.10
20, 000 0.51 0. 69 1. 06 1.58
22, 000 0.56 0. 68 0.92 1. 28
24, 000 0. 60 0.73 0.92 1.19
26, 000 0.56 . 0.76 0.97 1. 21
28, 000 0. 44 0.70 1. 01 1,27
30, 000 0.30 0.57 0.95 1. 30
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TABLE VII

FROZEN THERMAL CONDUCTIVITY Kiwm Ko + Koo
FOR NITROGEN
(in mw/em-~*K)

Temperature Pressure (atm)
(*K)
1 3 10 30
1, 000 0. 671 0.671 0.671 0. 671
2,000 1.17 1.17 1.17 1.17
3,000 1. 63 1. 63 1.63 1.63
4,000 2.09 2. 06 2.09 2.09
5, 000 2.55 2.54 2.54 2.54
6, 000 3. 14 3.07 3.03 3.00
7,000 4. 22 3. 90 3.69 3.58
8, 000 . 99 5. 47 4. 86 4. 46 )
9, 000 7.70 7. 41 6. 80 $.04
10, 000 9. 25 9. 22 8. 92 8.29
12, 000 11.7 12,5 13.0 13.2
14, 000 13.1 15.0 16.7 17.9
16, 000 14,7 17. 1 20.90 22.2
18,000 17. 8 20.3 23.6 26.7
20, 000 21.7 24.5 28.0 31.9
22,000 26. 8 29. 6 33. 4 37.8
24, 000 31.% 35,3 39.7 44.9 )
26, 000 36.2 40.9 46. 7 52.5
28,000 39.6 46,1 53.5 61.0 .
30, 000 43.7 50. 5 55.9 68.8
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TABLE VIII

- EQUILIERIUM THERMAL CONDUCTIVITY X sK;+ K,
s FOR NITROGEN

(in mw/cm<"K)

a Temperature Pressure (atm)
L]
(*K) 1 3 10 30
1,000 0.671 0.671 0.671 0.671
2,009 1.17 1.17 1.17 1. 17
. 3, 000 1. 64 1.64 1.64 1. 64
4, 000 2. 3% 2.24 2.17 2. 14
5,000 6. 34 4.75 3.75% 3. 24
6, 000 23.1 14. 8 9.98 7.08
7,000 44. 5 36.5 25.1 17.0
8, 000 26.4 38.2 40. 0 32.3
9, 000 12.9 19.6 31.6 38.3
10, 000 11.5 13.1 18. 6 27.9
12, 000 16.2 15.7 15.9 16.9
14, 000 20, 4 21.0 21. 0 2l.2
16, COO 19. 5 23. 4 261 27.1
. 18, 000 i19. 6 23.7 28. 17 3z2.2
C 4 20, 000 22.3 25.9 30.9 36. 1
22, 000 27. 2 30.2 34.8 40. 3
24, 000 32.3 35.8 40. 4 46, 2
26, 0060 38.1 42.0 47. 4 53,3
. 28, 000 43,2 48.5 54.8 5l1.9
0 30, 0060 417. 8 54.5 €2.4 70. 2
d
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TABLE IX

ELECTRICAL CONDUCTIVITY OF EQUILIBRIAM NITROGEN
{in mhos/cm)

AT I TS ST

Temperatare Pressure {atm)
)
(°K) 1 3 10 30
1,000 ——— - . o
2,000 2.29x10"18 1.00x10~18 4, 07x10-19 1.79x10-19
3,000 4, 25x19~10 ). 86x10-10 7.56x10-11 4, 32x10-11
4,000 6. 34x10°6 2. 78x10-6 1.13x10-6 4.95x10"7
5,000 2. 14x10"3 9. 34104 3, 78x10~% 1.66x10°4
6,000 0.111 4.55x1072 1.9ix10-2 8. 34x10-3
7,000 1.78 0. 804 0.323 0.139
8, 000 9. 02 5. 14 2. 82 1.31
9, 000 18. 6 15.5 10. 8 6. 30
10,000 27.3 25. 6 21.9 16.7
12,000 42.8 44. 3 44, 2 42. 6
14,000 57. 1 60. 4 "63.5 65, 4
16,000 68. 8 74. 7% 8l.2 85, 5
18,600 79. 8 87.9 96. 8 104
20, 000 89. 1 99.5 111 122
22,000 99.9 110 124 137
24,000 105 120 136 151
26,000 105 125 146 165
28, 000 101 124 152 175
30,000 Y9 120 152 181
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TABLE X

: : VISCOSITY OF EQUILIBRIUM OXYCGEN
(in millipoise)

Pressure (atm)
Temperature

(*K) i 3 10 30

1, 000 0.482 0, 482 0,482 0,482

2,000 0,732 0,732 0.732 0.732

3,000 0,949 0.944 0,940 0.938

4, 000 1.27 i.23 1,20 1.17
, 5,000 1.54 1.54 1.52 1.48
. 6, 000 1.78 1,78 1,78 1,77

7,000 2.01 2,01 2.01 2. "

8, 000 2.23 2.23 2.23 2.

9, 000 .44 2. 45 2.45 2.46

10, 000 2,62 2.64 2. 66 2. 66

12, 000 2.74 2,90 2.99 3.04

14, 000 2.27 2.76 3.10 3.28

16, 000 1.40 2.11 2,80 3.24

18, 000 0,82 1.36 2.16 2.87

20, 000 0. 65 Q.95 1.56 2,31

22, 000 - C, 83 1.22 1,82

24, 000 0.72 0. 86 J.12 1.56
. 26, 000 0.79 0.93 1.16 1.48

28, 000 0.77 1,00 1,24 1.52

30, 000 0. 66 0.98 1,30 1,58
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TABLE XI

FROZEN THERMAL CONDUCTIVITY X, a K, + K;;, FOR OXYGEN

(in mw/cm - *K)

Pressure (atm)

Temperature
(*K) 1 3 10 30
1, 000 0,754 0.754 0.754 G, 754
2, 000 1,25 1,25 1.25 1,28
3, 000 1,73 1.72 1,70 1,70
4, 000 2,47 2.39 2,30 2,23
5, ooC 3,03 3,02 2.99 2.93
6, 000 3,60 3.56 3.54 3.55
7,000 4, 48 4, 34 4,22 4,19
8, 000 5.72 5.54 5.30 5.14
9,000 7.10 6.99 6.75 6.43
19, 009 8.53 8. 54 8,43 8.14
12, 000 11,4 12,0 12,3 12.4
14, 000 13,7 15,2 16.5 17.3
16, 000 15,4 17.9 20,5 22.2
18, 000 18,1 20.8 24,3 27.3
20, 000 21,8 24,8 8. 4 32.5
22, 000 “e= 29. 6 33.6 38.2
24, 000 32,1 35,5 39.8 45,0
26, 000 28,1 41,9 47.1 52,6
28, 000 42.8 48,9 54,7 6l.2
30, 020 47,2 55,3 62.9 68.9
-36-
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TABLE XIi

EQUILIBRIUM THERMAL CONDUCTIVITY K = K; + X, FOR OXYGEN
{inmw/cm - *K)

Pressure (atm)
Temperature
(*K) 1 3 10 30
i, 060 0,754 0,754 0,754 0. 754
2,000 1,32 1,29 1,27 1,26
3,000 8.02 5.44 3.78 2,91
4, 000 21,4 21,5 16.6 11.7
5, 000 5,09 8, 24 13,9 17.4
6, 000 3,83 4,23 5,59 8.55
7.000 4.55 4, 47 4,60 5,26
8, 000 5,84 5.62 5,39 5.30
9, 000 7.47 7.21 6.87 6.50
10,000 9.43 9,08 8,74 8,34
12, 000 14,7 14,1 13.5 13,2
14, 000 2C, 3 20,1 19,6 19,3
16,000 2l. 4 24,5 26,0 26.2
18, 000 20,9 25,6 30,3 32.8
20, 000 22,9 27,1 32.7 37.5
22,000 - 30.7 36.0 42,2
24, 000 32.5 36.0 41,0 47.5
26, 000 38.8 42, 4 47,8 54,0
28, 000 44,9 50,1 55,5 62,2
30, 000 51,2 58,0 64.3 69.8

-37-




TABLE XIII

ELECTRICAL CONDUCTIVITY OF EQUILIBRIUM GXYGEN

{in mhos/cm)

Temperature Pressure (atm)
(*K)
1 3 10 30

1,000 8.0x 10-35 2.4 x 10-35 1.24x 10°3% | 5,43 x 10-36
2,000 2.6x 10-14 1.3 x 10-14 6.07 x 10-19 | 2,66 x 10-1°
3,000 1.9 x 10-7 9.2x 10-8 4,81 x 10-8 2.10 x 10-8
4, 000 1.0x 10-3 4,1x10-4 1.55 x 10-4 6.36 x 10°3
5, 000 1.1x 10-1 5.2 x 102 2.02 x 10-2 8.93x i0-3
6, 000 1. 14 0. 681 0. 370 0.197

7, 000 5, 46 3,75 2.30 1. 38

8, 000 13,1 10.7 7.82 5, 39

9, 000 21.1 19. 3 16,2 12. 6

10, 000 28,7 27.9 25,7 22. 4

12, 000 43,1 44.7 45,0 44,0

14, 000 87.1 60. 4 63. 4 65. 3

16, 000 68,8 74. 6 80.9 84.9
18, 000 75.8 87.8 96, 5 104
20, 000 89.3 99, 5 110 121
22, 000 .-- 111 123 137
24, 000 111 122 137 151
26, 000 118 133 150 166
28, 000 118 142 161 179
36, 000 115 144 170 186

P
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TABLE XIV

VISCOSITY OF EQUILIBRIUM AIR

{in millipoise)

Pregsure (atm)

Temperature
(*K)
1 3 10 30
1, 090 C, 418 0.418 0. 418 0, 418
2, 000 0. 648 0. 648 0, 64§ 0. 648
3, 000 0.858 0. 857 0. 857 0. 856
4, 000 1,08 1.07 1,07 1. 66
5, 600 1,30 1. 30 1,30 1.27
%, 000 1. 54 1. 52 1. 51 1. 50
7, 0G0 1. 86 1.80 1.76 1.73
8, 0G0 2.21 2.15 2, 06 2.00
9, 000 2. 46 <. 45 2. 40 2, 32
10, 000 2,63 2,66 2. 67 2,63
12, 000 2.63 2.85 3,00 3. 06
14, 000 1,77 2, 34 2,82 3.10
16, 000 0.96 1.53 2,24 .-
18, 000 0. 60 0.9é 1.57 2.21
20, 000 . 54 ---- 1,13 1. 69
22, 600 0. 58 0.70 0.96 1, 36
24, 000 0.63 0.75 0.95 1. 24
26, 000 0. 62 0.80 1,01 1.25
28, 000 0. 53 0.78 1.06 1, 32
30, 000 0. 42 0. 67 1. 04 1. 37
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FROZEN THERMAL CONDUCTIVITY k; = K, + k;,, FOR AIR
{in mw/em - *K)

TABLE XV

Pressure (atm)

Temperature
(*K)
1 3 10
1, 000 0. 690 0. 690 0. 690
2, 000 1.18 1.18 1.18
3,000 1,63 1. 63 1.63
4, 000 2,11 2.10 2,08
5, 000 2, 62 2,61 2.59
6, 000 3.29 3.20 3.13
7, 000 4, 40 4.13 3.90
8, 000 5.97 5, 58 5.11
9, 000 7. 58 7.33 6.83
10, 000 9.12 9.07 8.78
12, 000 11.8 12. 5 12,9
14, 00C 13,0 15,0 16.7
16, 000 4.8 17.2 20.1
i8, 000 17.9 20.4 23.7
20, 000 1.8 ——-- 27.17
22, 000 26.8 29,6 33.4
24, 000 31.7 35,3 39.7
26, 000 36.7 41,2 46. 8
28, 000 4C. 5 46,8 53.8
30, COOC 44.8 51,6 60. 6

- o
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TABLE XVI

EQUILIBRIUM THERMAL CONDUCTIVITY K= k; + K, FOR AIR

{in mw/cm - *K)

Pressure (atm)

Temperature
[ ]
(*K) 1 3 10 30
1, 000 0.690 0. 690 0. 690 0, 690
2, 000 1.21 1.20 i.19 1.1¢9
3, 000 3.83 2.99 2.41 2, 08
4, 00C 5,00 5,55 5. 38 4, 65
5, 000 8.81 7.43 6.63 6. 16
6, 000 21,3 15. & 11.8 9. 86
7,000 3s. 2 31,1 23. 4 17.7
6, 000 19.7 29,0 32,6 28,6
9, 000 11.2 15.5 24.2 30.6
10, 000 11,2 12,0 15,4 21.9
12,000 16,2 15,6 15,3 15.9
14, 000 20,7 21. 6 2l. 6 2.5
16, 00C 20,7 24. 4 27,1 ce--
18, 000 PAUNE.} én ¢ 30,3 33.7
20, 000 22.9 ---- 32.2 37.9
22, 000 27. 4 30,8 36,0 42,1
24, 000 32.4 3.0 41,2 47.5
26, 000 38.3 42,2 47,8 54,2
28, 000 43. 4 48. 8 56,1 62.4
30, 000G 48. 4 54. 9 62,8 70,7
-4] -
e e o ) o o @ .9 .. ® e




TABLE XVII

ELECTRICAL CONDUCLTIVITY OF EQUILIBRIUM AIR

(in mhos/cm)

DPressure (atm)

Temperature

°K) 1 3 10 30

1, 000 c——m

2, 000 9,98 x 10-? 575% 10-9 2.77x 10-9 1.81 x 10°9
3, 000 2,14 x 10-¢ 1,51 x 10-¢ 6.71 x 10-5 3,78 x 10-5
4, 000 2.43x 10-2 1,55x 10°2 8.90 x 10~3 5.12 % 10-3
5, 000 2.94 x 10-1 2,10 x 10-1 1.43 x 10-! 8.28 » 10-2
6, 000 1,13 0.78 0. 57 0, 41

7, 000 3.90 2. 47 1.79 1. 33

8, 000 10. 4 7. 20 4.83 3,40

g, 000 19.0 15.9 11,9 8.23

10, 000 27.3 25.5 21,9 17.2

12, 000 42,7 43,8 43,0 40,1

i4, 000 55.9 60, 4 63.5 65.5

16, 000 68.8 74.7 81.2

18, 650 79.8 87.9 96, 8 104

20, 000 89.2 ceee 109 122

22, 000 100 110 123 137

24, 000 107 120 136 151

26, 000 108 127 147 165

28, 000 105 128 154 176

30, 090 104 125 156

184 —-J
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TABLE XVII

BINARY DIFFUSION COEFFICIENTS FOR THE CONSTITUENTS OF AIR
AT ATMOSPHERIC PRESSURE

- .
Tem.pernture Binary Diffusion Coefficient Dy (cm®/sec)
E |
' e (N, N2) (N, NH™ | (Nz, ND* | (N1, Nt {0, 03)
1, 000 2,34 . 313 1,06 1.78 x 10-5 2.40
2, 000 7.95 0. 940 3,99 4,33 x 10-4 7.87
3, 000 16, 4 1.79 8,67 2.90 x 10-3 15,9
P 4,000 27.5 2.83 15,1 1.06 x 10-2 26,2
- 5, 000 41,2 4, 04 23.1 2.99 x 10-2 37.6
6, D00 57.4 5. 40 32,8 6.88 x 10-2 53, 1
7,009 76.0 6.91 43,9 0.138 69.7
8, €30 97.2 8.53 56,7 0. 245 88,2
9, 000 121 10.°3 71.2 0. 399 109
10, 000 147 12.2 86. 8 0. 604 131
12, 000 206 16.3 123 1,23 181
14,000 274 20.8 166 2.16 238
16, 000 354 25.8 214 3.38 304
18, 700 439 31.2 268 4.93 376
. 20, 6CO £33 36. 7 328 6.85 457
4 22,009 637 42.9 395 9. 40 544
- 24, 000 749 49.1 464 12.3 639
» 26, 000 869 56.1 541 16. 1 740
) 28, 000 998 63.0 626 20. 4 849
50, 000 1130 70. 3 714 25.5 956

*Estimated Interaction Potential

.
BP0 RN
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TABLE XVIU (Ccnt'd)

BINARY DIFFUSION COEFFICIENTS FOR THE CONSTITUENTS OF AIR
AT ATMOSPHERIC PRESSURE

Binary Diffusion Coefficient,D.: (cm2/sec) -

Tem?erature 4 . .

) (0,097 TNz 02) | (N 0) (N, O) (N, Ot SR

and (O, N+)* C

1, 000 0. 347 1.64 2.08 3.01 1.13

2, 000 1.02 5.14 7.07 1.0 4. 22 SRR

3, 000 1.92 10.0 14.6 23.4 9.11 . & .

4, 000 3. 00 16.1 24.5 39.6 15, 7 DRI

5, 000 4. 24 23.5 36.7 59,3 24.0 RRSTEREEE

6, 00V 5.64 32.1 51.2 82.6 34.0

7, 000 7.15 41.8 67.9 109 45.6 Tl :

8§, 000 8.84 52.7 86.8 139 8.7 RS

9, 000 10. 6 65.2 108 173 73.4 B. & ]

10, 000 12.5 79.0 131 209 85.7 S e

12, 000 16.5 110 184 293 127 T

14, 0G0 211 146 246 388 170 s

16, 000 25.9 186 314 496 219 S

18, 000 31,2 231 389 614 274 —_— -

20, 000 36.7 280 473 747 335 R ..o &

22, 000 42.6 334 563 839 401 SRR

24, 000 48.9 392 661 1040 473 feTi

26, 000 55,5 453 765 1219 551 -

28, 000 62.0 520 878 1390 635 Ry

30, 00C 69.2 592 999 1580 723 . ot i

*Estimated Interaction Potential




TABLE XVIII (Cont'd )

BINARY DIFFUSION COEFFICIENTS FOR THE CONSTITUENTS OF AIR
AT ATMOSPHERIC PRESSURE

Binary Diffusion Coefficient, Dij(cmzlsec)

Temperature

be!

{*K) (N*,0*) | (N2,NO} | (O3, NO) (0.NO)  |(No, NO*y*
1. 000 5,87 x 10°53 1.60 1. 65 2. 22 . 657
2, 0G0 1.43 x 10” 5.09 5.15 7.44 2.02
3, 000 9.51 x 10°3| 10.2 10. 0 15.2 3.91
4, 000 3.49 x 10°%] 16.8 16. 1 25.3 6.25
5, 000 9.84 x 10%| 25.0 23. 4 37.1 8.99
6. 000 0.227 34.5 32.0 52.1 12.1
7, 000 0. 453 45,4 41.8 68. 7 15. 6
8, 000 0. 805 57.6 52.7 87.4 19. 4
9, 000 1.31 71.5 64.9 108 23.5
10, 000 2. 60 86.5 78.3 131 27.9

12, 000 4.04 120 108 182 37.7
14, 000 7.12 159 143 242 48.5
16, 000 11.1 202 182 309 60. 4
18, 000 16. 3 251 226 382 73.3
20, 000 22.5 305 274 465 87. 1
22, 000 3C.8 363 326 553 102
24, 000 40.5 427 383 650 118
26, 000 52,7 494 443 752 134
.28, 000 66.7 567 509 863 152
30, 000 84. 1 646 579 982 170

*Entimated Interaction Potential
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TABLE XVII (Concl'd)

BINARY DIFFUSION COEFFICIENTS FOR THE CONSTITUENTS OF AIR ’
AT ATMOSPHERIC PRESSURE

' Temperaturs Binary Diffusion Coefficient, Dj; (103cm®/sec)
[ 2
(5 (e, N)* (e, N3) (e, O)* (e, 05) (e, NO)
1, 000 1.58 1.49 7.80 2.92 2.19
2,000 4. 46 2.90 19.6 7.43 4.46
3, 000 8.19 4.65 31.0 11.7 6.21
4,000 12.6 6.64 42.0 15. 4 7.51
5, 000 17.6 8.90 52.8 18. 4 8.81
6, 000 23.2 1.2 62. 6 20.3 10.5
7, 000 29.2 13.8 72.3 21.8 12.8
8, 000 35.7 16.4 79.6 23.5 16. 2
9, 000 42.6 19.0 86.5 25.6 20.7
16, 000 49.8 21.7 94. 4 29.3 24.7
12, 000 65.5 26.6 107 38.5 32.4
14, 000 82. 6 30.8 120 43.6 40.9
16, 000 101 34, 6 133 59.3 49.9
18, 000 129 37.4 147 70.8 59.6
20, 000 141 38.9 160 82.9 69.8
22, 000 163 40.7 178 95.7 80.5
24, 000 185 42.1 195 109 91.8
26, 000 209 43.5 214 123 103
28, 000 234 44.9 235 137 116
30, 000 259 46.3 256 152 128

*E-thnlted Interaction Potential
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